The characteristics of carbonaceous materials deposited in fuel rich ethylene-oxygen mixtures on three types of palladium: foil, sputtered film, and nanopowder, are reported. It was found that the form of palladium has a dramatic influence on the morphology of the deposited carbon. In particular, on sputtered film and powder, tight 'weaves' of sub-micron filaments formed quickly. In contrast, on foils under identical conditions, the dominant morphology is carbon thin films with basal planes oriented parallel to the substrate surface. Temperature, gas flow rate, reactant flow ratio (C 2 H 4 :O 2 ), and residence time (position) were found to influence both growth rate and type for all three forms of Pd. X-ray diffraction, high resolution transmission electron microscopy, temperature-programmed oxidation, and Raman spectroscopy were used to assess the crystallinity of the as-deposited carbon, and it was determined that transmission electron microscopy and X-ray diffraction were the most reliable methods for determining crystallinity. The dependence of growth on reactor position, and the fact that no growth was observed in the absence of oxygen support the postulate that the carbon deposition proceeds by combustion generated radical species.
Introduction
As reviewed elsewhere [1, 2] , carbon nanofibers (CNFs), also called filaments, have been grown via thermal decomposition of hydrocarbons on metal particles (catalysts) for decades. However, there is still a need to fill significant gaps in understanding the impact of conditions, metal identity, and catalyst morphologies on the character and kinetics of carbon growth. The following provides insight into four relatively unexplored aspects of the deposition of carbon on metal: (i) the successful use of palladium as the catalyst, (ii) the use of combustion mixtures rather than reducing environments, (iii) the impact of the catalyst structure (i.e. powder, film, foil) on the morphology of the carbon formed, and (iv) the degree of crystallinity as a function of both the reaction conditions and the catalyst structure. Most prior work focuses on the use of nickel and iron catalysts [3] [4] [5] [6] [7] [8] [9] [10] [11] , although other metals and alloys have been studied [12] [13] [14] . Palladium is rarely employed as a catalyst for solid carbon deposition and typically involves Pd precursors or non-atmospheric pressures [15] [16] [17] [18] [19] . This is likely due to the difficulty of using palladium as a catalyst for growth via the decomposition of hydrocarbons. For example, in preferred mixtures (e.g. pure ethylene or ethylene-hydrogen 0008-6223/$ -see front matter Ó 2009 Elsevier Ltd. All rights reserved. doi:10.1016/j.carbon.2009.04.019 environments) growth is rapid on Ni and Pt, but negligible on Pd. Growth on palladium has been achieved in a pure acetylene environment resulting in a ''stacked cup'' morphology [20] , but acetylene is an unstable gas requiring extreme care in handling. Uniquely, the present work shows that in the correct environment carbon deposition on palladium catalysts can be remarkably rapid, even at low temperature, using mixtures of ethylene and oxygen.
Virtually all reported methods for producing carbon nanofibers are based on the thermal decomposition of carbon monoxide, pure hydrocarbon, or hydrocarbons mixed with hydrogen [7] [8] [9] . Our team has previously demonstrated that carbon structures, including graphite can be grown on metal catalysts from a fuel rich reaction mixture (oxygen + hydrocarbon) [21] . In this study we report further on the use of combustion environments for catalytic carbon deposition. In particular, it is demonstrated that growth is far faster and requires a far lower temperature in a combustion mixture than in pure hydrocarbon. The influences of temperature and residence time in a 'plug flow' reactor were also shown to significantly influence the nature and kinetics of carbon growth.
Also investigated, for the first time, is the importance of the initial form of the metal catalyst on the final product. The growth rate and type of structure proved to be dramatically impacted by the morphology of the palladium catalyst. On foils, 'planar' carbon was deposited. In contrast, on sputtered films thick 'rug-like' structures formed which consisted of carbon nanofibers carrying Pd catalyst particles, typically centered in a fiber and not at the tip. From palladium nanopowder fibers formed similarly to those for sputtered films.
A thorough examination of the crystallinity was performed by multiple methods and compared both as a function of the form of the Pd template and also to other forms of carbon (e.g. graphite). The first method used was X-ray diffraction (XRD) which showed a weak and rather broad peak near 25.5°on 2h indicating an amorphous or turbostratic structure for all forms of Pd. High resolution transmission electron microscopy (HRTEM) analysis, temperature-programmed oxidation (TPO) and Raman spectroscopy confirmed that truly 'graphitic' carbon did not grow on any template form. That is, although the form of the template did dramatically change the gross structure of the carbon (i.e. planar vs. fiber), none of the carbon structures were highly crystalline.
Experimental

Materials
Three forms of Pd were used in this study: sputtered film, foil, and powder. Sputtered films were deposited onto oxidized single crystal Si (1 0 0). After oxidation a thin layer of Cr (ca. 100 Å ) was deposited for increased adhesion of the Pd film to the SiO 2 . A thicker layer (ca. 500 Å ) of Pd was sputtered onto this Cr layer. Sputtered film samples were diced into squares approximately 1 cm on a side before use. Pd foil (99.9%, 0.25 mm thick) was purchased from Alfa Aesar and used without modification. Pd nanopowder (<25 nm, 99.9%) was purchased from Sigma-Aldrich, and also used without modification. Pd foil and film samples were cleaned with methanol purchased from Burdick Jackson (HPLC grade) before being placed in the furnace. Samples were placed on ceramic boats, also cleaned using methanol.
To help establish the crystallinity relative to known forms of carbon, pyrolyzed sucrose, graphite flakes (Alfa Aesar, 99%), graphite platelet nanofibers (Aldrich, 99%), multi-wall carbon nanotubes (MWCNTs, >95 wt%) and single wall carbon nanotubes (SWCNTs, >90 wt%) were also analyzed (both purchased from CheapTubes.com). No modifications were made before analysis.
Apparatus and procedure
The atmospheric pressure chemical vapor deposition (APCVD) reactor consists of a 50 mm diameter single zone furnace in which a 50 mm diameter quartz tube resides. As shown in Fig. 1 , the samples were placed at regular intervals in the furnace's 30.5 cm heated zone. Six equally spaced samples were used per run along the heated zone.
The temperature varied from the inlet to outlet, as shown in Fig. 2 . The temperature distribution was mapped by moving a 70 cm long thermocouple fitted with a ceramic sleeve down the axis of the tube and taking temperature measurements every 25 mm. N 2 was flowing at 600 sccm in the tube during the measurements. As the experiments were designed to yield insight regarding the influence of residence time, a parameter convoluted with position/temperature, on both kinetics and nature of carbon growth it was important to map temperature distribution in the reactor. Since an exothermic reaction was expected, a higher confidence in the actual temperature of the sample surface during reaction conditions was desired. To track the influence of the reaction on sample temperature, the temperature of Pd foil was directly measured with a thermocouple, under typical reaction conditions. As shown in Fig. 3 , the effect of the reaction was found to change the temperature by a maximum of 5°C. This change of temperature and the variation of temperature with position suggest the temperatures reported herein can be regarded as accurate to ±10°C.
For carbon deposition, a general recipe was followed. Typical reaction parameters are as follows: With sample(s) in position; (i) The reactor is initially purged at 600 sccm with ultra high purity nitrogen (99.99%) while heating the furnace to the desired temperature. (ii) At nominal temperature N 2 flow is stopped and replaced with a flow of 7% hydrogen in argon (99.99%) for 20 min. (iii) The H 2 /Ar flow is then replaced by 600 sccm of N 2 for another 20 min. (iv) The N 2 flow is reduced to 300 sccm and a chosen ratio of ethylene (chemically pure) to oxygen (99.99%) is introduced for a desired time. Gas flows were controlled via mass flow controllers. Typical flows for C 2 H 4 and O 2 were 1:1 at 15 sccm each for 30 min. However, various parameters of the procedure (e.g. reduction length and flow rates) were altered as needed for specific studies.
Characterization
Scanning electron microscopy (SEM) was performed with a Hitachi S5200 Nano SEM to capture images of the as-deposited carbon. High resolution transmission electron microscopy (HRTEM) was used to determine carbon structure with a JEOL 2010 at 200 keV. Samples for TEM analysis were ultrasonically dispersed in ethyl alcohol and transferred dropwise to a 200 mesh holey carbon grid. X-ray diffraction (XRD) was used for crystallographic analysis using a Scintag PAD V X-ray diffractometer with Scintillation detector. Thermogravimetric Analysis was performed with a Netzsch STA 409 PC Luxx to examine overall crystallinity by means of temperature-programmed oxidation of the samples. Crystallinity was further examined using Raman spectroscopy at appropriate settings.
Results
The nature of the carbon that formed was strongly related to the form of Pd. The materials studied are organized into sections on this basis. The first form discussed is growth on sputtered films, the second section is focused on growth catalyzed by foil, and the final section is on nanopowder. It should also be noted that in the absence of oxygen, carbon growth was negligible in all cases. A sputtered Pd template exposed to ethylene alone did show very limited fiber growth after twenty four hours, but the rate was a factor of more than 100 times less than that observed on identical sputtered films under the same conditions, except for the addition of oxygen.
No carbon was found to deposit on Pd foil, even after 24 h, in the absence of oxygen. The nanopowder in pure ethylene appeared to encapsulate with carbon and then cease deposition. Even when placed side-by-side in the reactor, the three types of substrate produced different forms of carbon. The essential difference is that on sputtered films and powder filaments were the dominant morphology with powders producing more carbon in shorter times. In contrast, on Pd foils the dominant form of growth, initially, was 'turbostratic', thin films. Very few fibers were found, and these were generally found at the edges of the foil. However, for long runs (>1 h) and higher temperatures (>550°C), fibers began to break through the initial, planar carbon film grown on the Pd foil. In addition to Pd template structure, position in the chamber also affected the growth rate and morphology.
3.1.
Palladium sputtered film
The sputtered film samples resulted in carbon deposition, in the form of fibers, over a broad range of reaction conditions. Fiber formation was seen in as little as 15 s with 15 sccm of gas flow for C 2 H 4 and O 2 (1:1) at 550°C. Moreover, growth at the 'optimum position' within the reactor was remarkably fast. In some cases the growth reached nearly 3 lm/min 'net height', but this rate of growth was usually localized, with the center of the samples experiencing greater C A R B O N 4 7 ( 2 0 0 9 ) 2 2 6 9 -2 2 8 0 deposition than the edges. A typical growth rate is closer to 1 lm/min for samples in the center positions of the furnace (i.e. 3 and 4). Actual fiber length was greater than 'net height' (i.e. measured thickness of the fiber mat), as the fibers twisted during growth in virtually all cases. Two features of the process of filament growth have a particularly strong impact on the final structure. First, the filaments pack together very tightly, especially when close to the film. Second, after a relatively short initial period (function of growth conditions) they do not grow directly 'up', but rather twist as they grow. The net result is a tightly woven 'carpet' of intertwined filaments as illustrated in Fig. 4 . On a micron scale, the net result is a continuous carpet that acts like a film. Indeed, observation at low magnification gives the impression of a single coherent film. Only high resolution observation reveals the fact that the film is composed entirely of fibers. Also shown in Fig. 4a is the film layer delaminated from the substrate. The fiber mats are not chemically bound to the original substrate and are generally found to have 'lifted off' as coherent structures after sufficient fiber growth. The Cr adhesion layer seems to be inactive in the reaction, and provides support for the carbon nanofiber film formed by the Pd.
Near the substrate surface the filaments grow vertically with a near uniform growth rate (Fig. 5a ). It appears that the diameter of each fiber matches that of the Pd particle catalyzing its growth. Backscatter electron imaging indicates the Pd particles are centered between two coaxial nanofibers and not at an end (Fig. 5b) . Shorter runs (<5 min) tend to produce mats of aligned vertical fibers, but longer runs (e.g. 30 min), clearly produce mats with highly twisted, and randomly oriented fibers (Fig. 4a) .
Morphology of the fibers is impacted both by temperature and position within the reactor. At lower temperatures (e.g. 450°C), the carbon deposition tends not to consist of independent, easily identified fibers but rather an 'inchoate' structure (Fig. 6a) . Even with considerably higher magnification, it is harder to see clear fiber structure. At 550°C fiber structures form throughout the reactor, but the morphology is position dependent. In the center of the reactor well-defined, rapidly growing fibers form a 'rug' structure (Fig. 6b) , whereas at the end of the reactor the fiber density is clearly lower, there is no rug structure (Fig. 6c) . Higher temperatures repeatedly produce thinner, filaments (Fig. 6d ) which tend to have a 'tight', helical morphology.
An effort to summarize the morphologies with respect to temperature and position is plotted in Fig. 7 . Some highlights are: (i) It is evident that growth at high nominal temperatures is favored toward the inlet. (ii) Growth at low temperatures is favored toward the outlet of the reactor. (iii) No growth is found above 700°C at any reactor position. This dependence on temperature and position suggests that growth is from radical species. It is notable that all three results (i.e. no growth, inchoate, and fibrous growth) can be obtained at a constant temperature (e.g. 375°C) or position (e.g. position 3).
Palladium foil
The structures that form on foils are remarkably different than those produced on sputtered films even when processed side-by-side in the same reactor. 'Films' of interwoven fibers formed on sputtered Pd films, whereas layered carbon films formed on the palladium foil.
Although layered films were dominant on foils treated for short times (<30 min), and low temperatures (<550°C nominal), some filamentous growth was observed after long term treatment or with temperatures above 550°C. Segments of the layered carbon film were severed by filaments breaking through the graphitic film layer after >15 min of treatment. At temperatures below 550°C this incidence was less likely, and when occurring, less of the total surface was affected than at temperatures in excess of 550°C. At higher temperatures, the filament clusters were more pronounced both in the total surface area disturbed and the amount of fibrous carbon protruding above. This change in morphology is shown in Fig. 8 . Two samples from the same run are shown. Cross sectional examination by SEM in tilt mode allowed for closer examination of the carbon structure as shown in Fig. 9a and b . Once the carbon is broken it is possible to observe its structure more readily which illustrates a clear difference from fibrous growth.
Similar to the sputtered films, the foil showed a variety of morphologies. As can be seen in Fig. 10 , the foil had a much narrower growth window than the sputtered films did. However, both forms showed a preference to growth toward the inlet portion of the reactor. Also, as was found for sputtered There are profound differences in growth pattern between sputtered films and foils in terms of both morphology (described above) and deposition rate (below). The film thicknesses/growth rates were established by cross sectional SEM analysis in the center of each sample. The sputtered film samples underwent a 5 min reaction at 550°C nominal in ethylene and oxygen (1:1) at 15 sccm each. The average growth rate (fiber mat) per position during this period is shown per position in Fig. 11 . No growth was observed in position 1. However, the growth is linear in time and the morphology constant. Determining growth rates on foil samples is a more complex problem because the growth rates of both structures found changes with time. The planar structure grows rapidly, but steadily, at first, and then stops growing, whereas, filament growth only initiates after 15 min or more and is thereafter remarkably rapid. However, it was possible to deconvolute the two rates based on the individual growth periods as found by analyzing samples at various intervals. These results are shown in Fig. 11 . In reviewing that data one caveat must be noted: The planar structures only grow to a maximum of about 1.5 lm thickness, and then ceases to grow further. It was found that film deposition slows significantly near 1.5 lm, and the growth then transitions to nanofibers which lift and break the (no longer growing) planar structure. Moreover, the fiber growth rate, once initiated, is greater than an order of magnitude faster than the planar structure from the same Pd foils.
Palladium powder
Palladium nanopowder was the final form tested here. The powder assumed morphologies analogous to the sputtered film samples. Fiber formation was seen at temperatures from 250 to 650°C but quite limited in extent at the extremes. Temperatures from 450 to 600°C were the most vigorous in carbon growth. Even with relatively little size distribution of the particles, fiber diameters varied significantly as shown in Fig. 12 .
Examination by HRTEM showed that the Pd particles assumed a variety of shapes after fiber growth. Both well-defined diamond-shaped particles and irregularly shaped particles were observed (Fig. 13) . The misshapen particles may be attributable to post-reaction trauma (i.e. physical deformation) from preparing for TEM analysis, but both types of particles were also witnessed in SEM analysis. Particles were primarily found in the center of fibers. These growth characteristics were common to all forms of Pd studied here.
Crystallinity
Crystallinity has an important effect on the properties of the resulting carbon deposition, so it was of interest to study what reaction parameters affected the overall atomic order. To do this, X-ray diffraction (XRD), high resolution transmission electron microscopy (HRTEM), temperature-programmed oxidation (TPO), and Raman spectroscopy studies were used. The factors adjusted were gas ratio, reaction temperature, and form of Pd. The Pd catalyzed carbon was then compared to carbon in the form of pyrolyzed sucrose, graphite flakes, graphite platelet nanofibers, MWCNTs and SWCNTs.
X-ray diffraction
X-ray crystallographic analysis (XRD) was performed using a step size of 0.02°on 2h and a dwell time of 1sec for all data presented. It was found that all three forms of Pd produced various degrees of crystallinity, all of which have comparable crystallinity, namely very little. For all samples there was a broad peak centered around 25-26°on 2h, typical for weakly defined, turbostratic graphite. Foil catalyzed carbon produced the most crystalline carbon as determined by peak intensity and width, but by a nearly imperceptible margin. For longer runs, the foil lost some of its overall crystallinity. This may be attributable to a greater presence of filaments and a loss of graphitic film produced in the early stages of the reaction. Fig. 1 for positions, Fig. 2 for actual temperatures.
In essence, the foil begins to assume a powdered form after long runs (>14 h), because the Pd foil is effectively disintegrated and becomes mixed with the carbon filaments. Gas ratios from 3:1 to 1:2 had a negligible effect on crystallinity, with richer environments reducing crystallinity slightly. The temperature of reaction also showed little evidence of having a strong affect, but it did decrease crystallinity with decreased temperature. A 3:1 (C 2 H 4 :O 2 ) ratio at 550°C had a similar result to a (1:1) ratio at 350°C. The Pd template comparisons are shown in Fig. 14 .
The resulting crystallinity of the Pd catalyzed carbon was compared to graphite flakes, graphite platelet nanofibers, MWCNTs and SWCNTs. The limited crystallinity of the Pd catalyzed depositions becomes more apparent when plotted together with these other forms. As shown in Fig. 15 , the graphite platelet nanofibers are not as crystalline as graphite, but are significantly more crystalline than the Pd catalyzed carbon. Also, the Pd catalyzed depositions had peak maximums shifted down about 1°from the more graphitic forms. Both carbon nanotube types were limited in crystallinity because of the short range order intrinsic to graphite in the form of tubes.
Transmission electron microscopy
High resolution transmission electron microscopy (HRTEM) was the second method used to determine carbon structure. The lack of crystalline structure as found with XRD was confirmed by TEM analysis. Although there seems to be a hint of overall ''herringbone'' structure, there is no long-range order and no electron diffraction pattern created. The typical atomic structure as seen in the TEM is shown in Fig. 16 . This structure was typical of all conditions and starting form of Pd.
Temperature-programmed oxidation
Also, overall crystallinity was examined using temperature-programmed oxidation of the samples in a simultaneous thermal analyzer (STA). A starting mass of 5 mg of each carbon form was oxidized in 2 sccm oxygen diluted with 40 sccm of nitrogen. A temperature increase of 5 K/min to a maximum of 900°C was used. To test for deleterious effects of Pd particles in the CNFs as noted by Wu et al. when activating carbon fibers doped with Pd [19] , the samples were oxidized with and without demineralization. To demineralize the fibers, they were immersed in Aqua Regia, sonicated, soaked for 7 days, sonicated again, rinsed with distilled water, and air-dried before oxidation. The particles proved difficult to remove, likely due to being almost entirely contained within the fiber. Even after extensive demineralization, there was still trace amounts of Pd present, although minor compared to unprocessed fibers. Fig. 17a and d are the same batch of fibers, one being demineralized (Fig. 17d) and the other not (Fig. 17a) . The Pd clearly caused a lower activation temperature for oxidation, even below that of pyrolyzed sucrose. With the Pd removed, there was a much shallower slope indicating a variety of crystallinities. This was also seen with single wall carbon nanotubes, but to lesser degree. It is possible that the demineralization may have affected the oxidation characteristics of the fibers, but there was no noticeable physical difference as examined by SEM. Any chemical alteration by the Aqua Regia would result in oxidation of the fibers which would not hinder additional oxidation during the temperature program. The oxidation behavior of the Pd catalyzed CNFs curves shown in Fig. 17 are representative of carbon deposited by all forms of Pd studied.
The commercially purchased carbon nanofibers (i.e. graphite platelet nanofibers) did not incur significant weight loss until much later than their Pd catalyzed counterpart. This indicates a higher overall crystallinity as was also found by X-ray diffraction. It is common for distinct sections of weight loss to occur at appreciably different temperatures when various crystallinities are present. A smooth line does not indicate this. Instead it suggests a uniform distribution of crystallinities ranging from totally amorphous to a high degree of crystallinity. Although minimal, the presence of residual palladium in the carbon cannot be excluded from consideration. Inherent complications such as this highlight the importance of using multiple methods when determining crystallinity.
Raman spectroscopy
The final method used in determining crystallinity was Raman spectroscopy. As before the Pd catalyzed CNFs were compared to graphite, pyrolyzed sucrose, graphite platelet nanofibers, SWCNTs, and MWCNTs. The comparison of these materials can be seen in Fig. 18 . Highly ordered and crystalline carbon materials (such as single-walled carbon nanotubes or highly oriented and crystalline graphites, as shown Fig. 16 -Typical fiber structure showing little atomic order with a slight angle to the ''planes'' as a result of the catalytic particle shape (a) particle in nanofiber (scale bar 10 nm) and (b) detail of atomic structure (scale bar 5 nm).
in Fig. 18a and c) typically show very narrow characteristic ''G'' bands with frequencies between 1550 and 1600 cm À1 [22] . Additionally, defect and disorder-induced ''D'' bands occurring at frequencies between 1250 and 1400 cm À1 , are typically lacking or relatively weak in such materials [22] [23] [24] . An increased presence of defects, disorder, and loss of crystallinity increase the relative D-band intensity with respect to the G-band, while simultaneously broadening observed linewidths [22] , as seen in Fig. 18b, d , and f for multi walled nanotubes and amorphous carbons. Once again it is evident that the carbon deposited by palladium is most similar to the pyrolyzed sucrose. The relative height of the D-peak and peak broadening signifies disorder to be high, but not quite as disordered as the pyrolyzed sucrose. This correlates well with the other tests for crystallinity.
Discussion
Although rarely used for low temperature carbon deposition, palladium has been found to work remarkably well in a partial combustion environment. Not only did carbon formation begin quickly, after commencement it was extensive in both growth rate and particle longevity. Large deposits formed quickly and no definite limit was found for amount of growth achievable within practical time constraints (<24 h). This study provides information on two topics of importance to fully understanding carbon growth from metal catalyzed reactions with hydrocarbons at elevated temperatures. First, the data provides new phenomenological information, including the influence of factors not typically explored, such as the form of the metal template. Second, this data contributes to a better understanding of the mechanism of carbon deposition in a reaction mixture (combustion) environment, rather than from reducing environments.
It was observed that low temperature deposition of carbon by Pd from ethylene is only feasible with the addition of oxygen to create a partial combustion environment. This was convincingly demonstrated by the fact that negligible carbon growth was observed on palladium templates exposed to ethylene, in the absence of oxygen, at 550°C even after 24 h. In contrast, remarkably high net carbon growth rates were observed at 550°C in the presence of a fuel rich mix of oxygen and ethylene after even 5 min.
The morphology and rate of carbon deposition is closely associated to the structure of the metal, temperature, and position in the reactor. This is illustrated by the occurrence of planar carbon films forming on Pd foil, whereas under identical conditions (in some cases side-by-side) filaments grew on particles and sputtered films. Exclusive to Pd foil, after extended periods of growth (>1 h), a mix of planar and filamentous carbon was observed. The clear differences in structure suggest a difference in mechanism.
Also, influencing growth characteristics is the position in the reactor. Unfortunately, the two main factors, temperature and position within the reactor, are somewhat convoluted. The data indicates that both factors influence the nature and rate of growth. As noted earlier, there are instances of 'no growth' and rapid growth at the same temperature, but at different reactor positions. Moreover, it is quite clear that there are positions of remarkably high growth rate that do not correspond precisely to temperature, or local carbon concentration. Also, in the same reactor, but at different positions, the morphology of fiber structures, in particular, is dramatically different (e.g. diameter and helicity).
Furthermore, the carbon deposited on Pd by this method is poorly crystalline. In earlier studies of growth from fuel rich ethylene/oxygen mixtures, using platinum or nickel, the carbon was found to be graphitic. In this case, in which Pd was the catalyst, there is absolutely no indication of graphitic structures forming. In all cases, on all templates, the structures are best described as a mixture of amorphous, and 'turbostratic' carbon. Because of this universal result it seems crystallinity is not practical for the conditions reported here. However, as reported for ''stacked cup'' carbon nanofibers [25] , graphitizing at high temperature may present a means of increasing the crystallinity, but that would create an additional step at a temperature significantly higher than the initial production requires, hence complicating a rather simple, low temperature process.
For establishing crystallinity in carbon nanostructures, using multiple methods gave insight to the strengths and weaknesses of each technique. For their simplicity and lack of ambiguity, it seems TEM and XRD analysis are the most useful for determining crystallinity. Both methods give direct indication of crystallinity whereas Raman and TPO are typically based on contrasts between samples. In many cases, TEM has the added benefit of electron diffraction techniques for establishing crystal properties, but because TEM covers such a small area of a sample it cannot necessarily be directly correlated with the overall structure as local variation may exist. XRD gives a good indication of overall crystallinity, but does not provide much information about the morphology of the fibers. TEM and XRD supplement each other well, and they provide the most complete picture for the effort.
Finally, we consider the implications of the data for the mechanism. In brief, all data is consistent with an earlier proposed mechanism of carbon structure growth in a combustion environment [21] . That proposition is that growth occurs not via the thermal decomposition of hydrocarbon molecules, but rather by the decomposition of carbon containing radicals created in a combustion process. This mechanism is consistent with several observations: (i) the dependence of growth on position within the reactor, (ii) the dependence on temperature, and (iii) significant carbon growth on palladium using ethylene as the carbon feedstock is only observed in reaction mixtures.
Regarding the dependence on position, if thermal decomposition were the mode of carbon generation, there would be a monotonic decrease in deposition rate on position. That is because both combustion processes and carbon deposition processes would decrease the ethylene concentration monotonically and hence, the deposition rate would as well. It is impossible to interpret the data as showing a monotonic decrease in deposition rate with position. The measured dependence on temperature is also not consistent with a thermal decomposition model. Indeed, no growth at all is observed at the highest temperatures reached in the study. As thermal decomposition rates increase with temperature, there should be a monotonic increase in rate with temperature, not a change to a zero rate above some 'arbitrary' temperature. Finally, the fact that a reaction mixture is required to observe any appreciable growth is also inconsistent with a thermal decomposition model. In contrast, the dependence of rate and morphology on residence time is consistent with a deposition-from-radicals model. Indeed, in an ethylene 'flame' many dozens of radicals are present, and the concentrations of particular radicals will vary dramatically with residence time. Thus, if one particular radical is responsible for most of the growth, a 'sweet spot' (area of high concentration) would be anticipated. Different morphologies can be attributed to different radicals. Therefore, several 'sweet spots' are anticipated throughout the length of the reactor for one set of growth parameters, possibly each with its own morphology.
It is valuable to note differences and similarities of observation with earlier work. For example, the fact that deposition in reaction mixtures occurs only over a limited temperature window was observed previously with both platinum [26] and nickel [21] catalysts templates. In this case the low temperature is nearly 100°C lower than that previously reported. However, in earlier studies deposition was only studied at a single reactor position. A more thorough study may have yielded the same temperature window as observed in this work.
Conclusions
It has been demonstrated that palladium readily catalyzes ethylene in a fuel-rich partial combustion environment at low temperatures (>400°C for all forms of Pd tested) in an APCVD reactor. The resulting structures are predominantly amorphous, with temperature, gas ratio, and material form (i.e. foil, film, or powder) having limited influence on the overall crystallinity. These findings were supported by XRD, HRTEM, TPO, and Raman analysis. However, the previously mentioned conditions strongly impacted the overall morphology of the deposited carbon. Sputtered films and powders quickly catalyzed carbon nanofibers. Foil, under identical conditions, catalyzes planar films which, with adequate temperature and/or time, will eventually yield to fiber growth. Considering that growth was negligible without the addition of oxygen, it is believed that the deposition process proceeds by the generation of radicals, unlike more common thermal decomposition methods. This is supported by growth characteristics that are not precisely correlated to temperature and the lack of deposition at temperatures in excess of 700°C.
